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FOREWORD 


(U>  Present  ivmbustim  system  technology  using  high  pressure  fuel  nozzles  in  can -type  com¬ 
bustors  cannot  cope  with  the  advances  in  turhopropulsion  engines.  To  maintain  pace  with 
engine  advances,  the  combustion  system  (annular  combustor)  will  require  a  low  pressure  fuel 
system  unaffected  by  contaminated  fuel  and  an  integrated  diffuser -com  bus  tor  to  reduce  weight 
and  si?e.  The  system  will  also  require  a  high  com  tuts' or  dome  air  flow  in  conjunction  with 
premLx  fuel  modules  to  provide  increased  temperatures  with  uniform  distribution,  low  pres¬ 
sure  loss,  and  high  combustor  efficiency. 

(U)  Allison  Division  of  General  Motors  Corporation  undertook  the  exploratory  development  of 
reduced  length  turhopropulsion  combustion  systems  for  the  United  States  Air  force.  Air  Force 
Systems  Command,  Aero  Propulsion  Laboratory  (AFAPL),  Wright-Patterson  Air  Force  Base, 
Ohio.  This  work  under  Contract  F33615-67-C-193!*,  Project  No.  3066,  Task  No.  306603,  was 
monitored  for  the  Air  Force  by  Mr.  Robert  E.  Henderson/ APTC  and  Mr.  Morris  D.  Louick/ 
SEKNB. 

(U)  The  Phase  I  report  draft  was  submitted  on  15  January  1068  and  covers  the  design,  fabri¬ 
cation,  and  testing  during  the  period  from  1  July  1967  through  31  December  1967. 

The  Allison  number  for  this  report  is  EDR  5610. 

(U)  This  report  contains  no  classified  information  extracted  from  other  classified  documents 
other  than  the  periodic  progress  reports  published  in  accordance  with  this  contract. 

(U)  Publication  of  this  report  does  not  constitute  Air  Force  approval  of  the  report’s  findings 
or  conclusions.  It  is  published  only  for  the  exchange  and  stimulation  of  ideas. 

e  - — 

ERNEST  C.  SIMEON 

Chief,  Turbine  Engine  Division 
AF  Aero  Propulsion  Laboratory 
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Advanced  design  turbo-propulsion  engines  for  future  aircraft  requite  a  cnmjKn  t,  high  perfor¬ 
mance  combustion  system  for  high  thru.st-t<>- weight  ratios  anil  an  inercas<-d  level  of  reliability. 
To  attain  this  goal,  two  concepts  bused  on  maximum  combustor  dome  airflow  are  being  de¬ 
veloped.  The  first  is  an  integration  of  the  diffuser  anil  combustor  to  achieve  minimum  length 
and  maximum  efficiency  with  smoke  free  operation.  The  second  is  to  achieve  improved  fuel 
injection  using  a  high  density  premix  fuel  injection  technique  to  obtain  acceptable  exit  tempera¬ 
ture  patterns  in  a  high  temperature  rise  combustor.  The  furl  injection  technique  is  the  de¬ 
velopment  of  single  modules  for  premixing  of  low  pressure  fuel  and  high  VeUe-.t y  air  ahead  of 
the  combustor  dome.  These  modules  are  capable  of  accepting  contaminated  fuels  and  can  be 
combined  to  permit  testing  as  sectors  of  a  full  annular  combustor. 

Initial  testing  of  the  various  fuel  Injection  premia  modules  and  different  designs  of  the  integrated 
diffuser-combustor  under  Phase  1  of  this  program  has  verified  the  soundness  of  the  concepts 
being  developed.  Based  upon  these  results,  the  most  promising  premix  modules  and  the  best 
diffuser-combustor  design  will  be  combined  as  sectors  of  a  full  annular  combustor  for  further 
evaluation.’ 


Distribution  of  this  abstract  is  unlimited. 


Ill 

UNCLASSIFIED 


UNCLASSIFIED 


Allison 


i 

1 

Section 


I  Introduction 


II  Flow  Path  Design  Factors .  3 

III  Integrated  Diffuser-Combustor . . .  13 

1.  Requirements . 13 

2.  Aerodynamic  Design  Studies  . .  13 

3.  Mechanical  Design . • .  17 

4.  Design  Criteria  and  Predicted  Performance .  3B 

5.  Analysis . . .  3  9 

IV  Premix  Fuel  Injection . . .  51 

1.  General  Considerations .  51 

2.  Vee  Gutter  Module  .  . . 60 

3.  Swirl  Chamber  Module .  63 

4.  Conical  Fuel-Air  Spreader  Module .  66 

5.  Double  Reversal  Chute  Module .  69 

6.  Venturi- Vortex  Module  (Deleted.  See  Notice  Page.) .  72 

V  Contaminated  Fuels  Test .  81 

VI  Fuel  Injection  Computer  Program .  83 

VII  Test  Results .  85 

VIII  Phase  II  Program . Ill 

IX  References . 113 

X  Bibliography .  115 


table:  of  contents 


Title 


Page 


I 


v 


UNCLASSIFIED 


UNCLASSIFIED 


mm  .Allison  mm 

LIST  OF  ILL.  1 1ST  RATIONS 


Figure  Title  Page 

1  Complete  flow  path  of  the  initial  design  components  ............  5 

2  Staling  to  -IX  size  using  modular  coneept  ..................  8 

3  Estimated  loss  incurred  in  dumping  diffuser  discharge  velocity.  .....  9 

4  Mean  droplet  diameter  versus  atomization  velocity  for  various 

equivalence  ratios.  . . 10 

5  Predicted  compressor  discharge  pressure  ami  velocity  profiles  .....  IS 

6  Ihffuser  performance  data  for  "A",  "B",-  "C",  and  "I)’* diffusers  .  ....  16 

7  Combustion  rig  diffuser  flow  path  ......................  18 

8  Estimated  diffuser  losses  ..........................  18 

9  Diffuser  area  versus  length  of  diffuser,  "A"-diffuser  ...........  19 

10  Flow  visualization  rig . 19 

11  Combustion  rig  "B"  diffuser  flow  path  . . 22 

12  Diffuser  area  versus  length  of  "B‘'-diffuser  ................  23 

13  Combustor  rig  diffuser  "C"  flow  path . 24 

14  Area  progression  versus  diffuser  length  "C  "-diffuser,  upper  path  ....  29 

15  Area  progression  versus  diffuser  length  "C "-diffuser,  lower  path  ....  30 

16  Diffuser  area  versus  length  of  diffuser  "D "-diffuser,  .*uel-air  spreader 

module,  upper  path . 31 

17  Diffuser  area  versus  length  of  diffuser  "D''-diffuser,  fuel-air  spreader 

module,  lower  path  . . 32 

18  Upper  path  of  "D"-dlffuser  area  versus  length  of  diffuser  .........  33 

19  Lower  path  of  "D  "-diffuser  area  versus  length  of  diffuser.  ........  36 

20  Combustion  rig  "A  "diffuser  flow  path . 36 

21  Combustion  rig  "D"  diffuser  flow  path . 37 

22  Diffuser  parameters  versus  length  of  diffuser,  "A "-diffuser  .  . . 40 

23  Diffuser  parameters  versus  length  of  diffuser,  ”B "-diffuser,  upper  path,  41 

24  Diffuser  parameters  versus  length  of  diffuser,  "B"-diffuser, 

lower  path  . . 42 

25  Diffuser  parameters  versus  length  of  diffuser,  "C"-diffuser, 

lower  path  . . 43 

26  Diffuser  parameters  versus  length  of  diffuser,  "C  "-diffuser. 

upper  path . 44 

27  Diffuser  parameters  versus  length  of  diffuser,  "D"-diffuser, 

lower  path  . . 45 

28  Diffuser  parameters  versus  length  of  diffuser,  "D"-diffuser, 

upper  path  . 46 


vli 

UNCLASSIFIED 


Preceding  Page  Blank 


UNCLASSIFIED 


HHBMMBBMBHMMMBBMHM  AlHHOTI 

Figure  Title  Page 


20  Single-module  rig-cold  flow  configuration  . . 53 

30  Single-module  rig-hot  flow  configuration  ..................  55 

31  Airflow  split  in  premix  combustion  systems . .  57 

32  Mean  droplet  diameter  versus  temperature  for  fuel  and  water  ......  58 

33  Camera  and  lighting  for  droplet  photography  ................  50 

34  Three  dimensional  isotherm  plot . 61 

35  Vee  gutter  module  . . 62 

36  Vee  gutter  droplet  field . 64 

37  Swirl  chamber  module.  . . 65 

38  Swirl  chamber  module  droplet  field . 67 

39  Conical  fuel-air  spreader  module . .  68 

40  Conical  fuel-air  spreader  module  droplet  field  70 

41  Dougle  reversal  chute  module.  ...’ . . . .  71 

42  Prototype  venturi-vortex  configuration  . . 73 

43  Venturi-vortex  prototype  flowing  air  and  fuel  through  the  venturi  only  .  .  73 

44  Venturi-deflector  plate-vortex  with  no  orifice  plate . . .  74 

45  Venturi-deflector-vortex  witl  orifice . 74 

46  Venturi-deflector-vortex  with  orifice.  .  . . 74 

47  Airflow  vs  pressure  drop  at  various  stages  of  assembly.  . .  76 

48  Venturi-vortex  module,  ♦  *  2 . 77 

49  Venturi-vortex  module.  4  *  5 . 77 

50  Venturi  throat  and  vortex  tube  areas .  80 

51  Test  equipment  configuration  and  contaminant  for  fuels  contaminated 

per  MIL-E-5007B .  82 

52  Pressure  drop  versus  Mach  number  under  cold  and  burning  conditions  .  .  88 

53  Chromatograph  efficiency  versus  fuel-air  ratio  at  2  and  5 

atmospheres  . . . .  89 

54  Isotherm  and  efficiency  profiles  at  the  burner  sector  mean  depth 

for  the  vee  gutter  module.  . . 91 

55  Pattern  factor  versus  overall  fuel -air  ratio  at  2  and  5  atmospheres  ...  93 

58  Inlet  pressure  versus  fuel-air  ratio  at  lean  blowout  . .  94 

57  Flow  before  and  after  contaminated  fuel  testing  . .  96 

58  Flow  tracers  showing  flow  through  "A"  diffuser  and  into  premix  area  .  .  97 

59  Test  rig  flow  paths  . . 99 

60  "A”  di.fuser  pressure  losses  and  dump  losses  versus  Mach  number  .  .  .  102 

61  Velocity  and  pressure  profiles  from  "A  "  diffuser .  103 

62  Velocity  and  pressure  profiles  from  "A"  diffuser  . .  104 

viii 

UNCLASSIFIED 


Preceding  Page  Blank 


UNCLASSIFIED 


AlliSOll 

Figure  Title  Page 


63  "B"  diffuser  upper  passage  profiles  . . 105 

64  B  diffuser  lower  passage  profiles . 106 

65  ”B"  diffuser  upper  passage  profiles  ....................  107 

66  "B"  diffuser  tower  passage  profiles  . . 108 

67  "B"  diffuser  pressure  losses  and  dump  losses  versus  Marb  number  ...  100 

LIST  OF  TABLE'S 

Table  Title  Page 


I  Design  features . 4 

II  "A'*:  Annular  single  path  dump  diffuser  with  inlet  vanes.  . .  20 

HI  "B”:  Annular  two  path  dump  diffuser  with  circumferential  splitter 

and  inlet  vanes . . . .  25 

IV  "C Channeled  two  path  diffuser  with  circumferential  splitter. and 

integrated  bell-shaped  inlet  vane  passages . .  27 

V  "D":  Channeled  two  path  diffuser  with  circumferential  splitter  and 

integrated  bell-shaped  inlet  vane  passages . .  33 

VI  Venturl-vor*ex  module  requirements  . . 78 

VII  Venturi  and  vortex  airflow . 78 

VIII  Observations  and  comparisons  of  modules  87 

IX  "A"  and  "B”  diffuser  design  and  test  data . 5*8 


lx 

UNCLASSIFIED 


Preceding  Page  Blank 


CONFIDENTIAL 


AlllMIl  _ M MM mm mm mm m mmmi 

i  imopucTio:; 

(C)  Toe  rapid  advances  in  turbo-propulsion  technology  over  the  past  several 

years  have  placed  an  evcr-lr.creasir.s  desand  upon  combustion  system  perforsar.ee. 
Future  combustion  systems  vlll  be  required  to  support  Air  Force  missions 
ranging  fros  subsonic  long  endurance  systems,  advanced  supersonic  VTOL  and 
strategic-tactical  systems,  to  hypersonic  systess  for  both  accelerator  and 
cruise  vehicles.  To  meet  effectively  the  reo.ulre cents  of  these  advanced 
alsslon  types,  conbustors  oust  have  the  operational  flexibility  to  accept 
vide  variations  in  coapressor  discharge  pressure,  temperature,  and  air  flov 
vhlle  providing  an  acceptable  exit  teaperature  profile  with  minimus  pressure 
loss  and  good  combustion  efficiency.  Furthermore,  advanced  coabustion  systens 
oust  be  lightweight  and  capable  of  accepting  contaainated  fuels  vhlle  aaintalnlng 
.stable  operation  over  the  entire  range  of  flight  operating  conditions. 

Exploratory  Investigations  accomplished  under  Air  Force  Contract  A?33(6l5)-130** 
have  Indicated  that  high  teaperature  rise  coabustion  systecs  approaching 
stoichiometric  exit  conditions  vlll  require  increased  burner  dome  flov  in 
conjunction  vlth  loproved  fuel  Injection  techniques.  Increased  dome  flow  and 
high  density  fuel  Injection  can  provide  as  ouch  as  a  tO  percent  reduction  In 
conbustor  length  because  of  Increased  fuel-air  nixing  in  the  coabustion  tone. 
However,  it  is  recognized  that  as  the  ainiaua  combustor  length  is  approached, 
combustion  efficiency  and  exit  teaperature  profile  begin  to  deteriorate. 

Therefore,  improved  fuel  injection  techniques  are  desirable  to  maintain 
good  fuel-elr  mixing  thus  insuring  that  coabustion  efficiency  and  exit 
teaperature  profile  are  maintained  at  acceptable  performance  levels.  Any 
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further  reduction  In  combustion  system  length  oust  be  eccompl 1  shed  through 
■ore  effective  utilization  of  the  burner  inlet  diffuser  wtilca  currently 
occupies  a  large  percentage  of  the  overall  length  of  the  combustion  eysten. 

It  la  the  purpose  of  this  exploratory  research  and  development  program  to 
Investigate  component  techniques  which  wl.l  nioimize  the  overall  length  .f 
a  combustion  system  from  the  compressor  exit  to  the  Inlet  of  the  turbine. 
Various  integrated  diffuser /combustor  approaches  will  be  Investigated  with 
emphasis  on  high  dome  flow,  high  temperature  rise  systems  with  exit  tempera¬ 
tures  approaching  3500*P  using  JP  fuels.  In  addition,  it  Is  Intended  that 
low  pressure  differential  fuel  injection  techniques  be  Investigated  to 
Improve  the  contamination  resistance  of  the  fuel  nozzles  and  enhance  further 
reductions  in  the  complexity  and  weight  of  the  fuel  system.  Tradeoff 
Investigations  will  be  conducted  to  establish  the  optimum  combustion 
system  for  various  daflned  mission  objectives,  'nils  program  will  provide 
the  technology  required  to  design  efficient  combustion  systems  with  wide 
operating  range  and  significantly  reduced  dl ffuser/eombustor  length.  These 
systems  will  have  predictable  performance  characteristics  for  advanced 
propulsion  systems. 

(C)  Tbs  objectives  of  this  exploratory  research  program  are: 

•  To  Increase  the  level  of  operational  reliability  for  turbo- 
propulsion  systems 

•  To  reduce  combustion  system  vwlgbt  and  volume 

•  To  provide  the  technology  necessary  to  reduce  the  overall  length  of 
the  combustion  system  by  the,  application  of  advanced  d iffu ear /combust or 
concepts  and  fuel  injection  techniques. 
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II  FLOW  PATH  DE3ICS  FACTORS 


(C)  Fhace  I  of  this  exploratory  development  program  consisted  of  research 

Investigations  conducted  to  design  and-  evaluate  various  combustion  system 
eonf  1  duration*  of  reduced  dlffusar-cor.bustor  l*n,;th.  It  nlcn  included 
Investigations  of  fuel  Injection  techniques  of  low  pressure  differential 
systems  that  would  be  capable  of  accepting  contaminated  fuels. 

(C)  This  Initial  phase  19  the  first  of  a  comprehensive  three  phase  program. 

The  comprehensive  program  spans  an  exploratory  pressure  range  of  0.3  to 
20  atmospheres  and  Inlet  temperatures  to  1200*F,  with  the  following  design 
point  performance  goals: 

•  A  combustion  efficiency,  ^  9&1 

•  A  pressure  loss,  ZiP/P  5^ 

•  An  average  exit  temperature,  T  -  3500*? 

•  A  maximum  temperature  rise,  T  •  2JC0*? 

T  T 

•  An  exit  temperature  profile,  Kax - _ A/g _  •  -15  to  .20 


•  To  demonstrate  a  performance  and  siting  computer  program,  sensitive 
to  miseion  and  engine  operating  condition*,  for  the  combustion 
system  that  can  be  substantiated  by  test. 

(C)  The  hardware  required  to  conduct  the  Initial  phase  of  this  program  vac 
sited  to  reflect  a  continuity  of  result*  with  Phase  II  and  Phat*  III. 

The  Initial  designs;  therefore,  are  based  on  facility  capabilities  to 
enable  the  complete  air  flow,  temperature,  and  pressure  demonstration 
of  a  120*  sector  of  an  annular  combustion  system.  This  siting  was  also 
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influenced  by  tnlc-t  and  exit  conditions  uf  specif-c  r.r  Force  a isslsas 
used  a*  guide  lines.  T.uese  missions  .ire: 

•  Fab  sonic  long  endurance 

•  Advanced  supersonic  VTOi. 

•  ’dvanced  supersonic  strategic/tact.ca*. 

•  Hypersonic  accelerator  and  cruise 

(C)  Tie  four  missions  vere  examined  and  an  ir.iet  ve.oeity  of  5**8  ft/sec 
and  exit  velocity  of  700  ft/sec  vere  selected  ts  a  representative 
condition.  The  initial  design  features  are  listed  In  Table  I  and 
•  couple  te  flow  pat  a  of  tie  initial  design  component*  Is  shown  In  Figure 
1. 


(C)  TABLE  1  DFSTCH  FEATURES 


Feature 

Diffuser  inlet  velocity 
Diffuser  outlet  velocity 
Diffuser  length 

Diffuser  area  ratio,  outlet  to  inlet 

Diffuser  pressure  drop 

Preulx  aodule  length 

Premia  aodule  neat  loed 

Combustor  volume  heat  load 

Pitch  line  dlaaeter 

Combustor  height 

Combustor  length 

Combustor  volume 


V.iue 
5*»8  ft/sec 
3CA  ft/sec 
4.$  in. 

1.78 
<  1.5s 

1.8  in. 

1.0  X1(P  BTU/ata-cu .  ft  -hr . 
it>.k  X10“  STJ/ata-cu.  ft -hr 
1*1  .a j  la. 

is. 

7-3>  in. 

•  >68  eu.  ft. 
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Cu:nbus.tor  dome  art- ft 
Combustor  reference  urea 
Combustor  length/  hoiQht  ratio 
Combustor  exit  velocity-hot  maximum 
Combustor  and  module  pressure  drop 


13** -5  s.'t <  In. 
I‘j8  sq.  in. 
i-'.'u 

700  ft/sec 
3  .si 


(C)  The  use  of  proaix  fuel  modules  makes  the  combustion  system  conducive 
to  scaling  for  other  sizes.  From  the  initial  design  a  4X  size  scaled 
sector  version  will  be  fabricated.  This  will  be  used  to  determine  the 
effects  of  scaling  on  the  diffuser,  the  premix  modules,  and  the 
combustor.  Figure  2  shows  a  comparison  of  the  initial  and  scaled  versions. 
This  evaluation  is  a  part  of  the  Phase  II  portion  of  this  program. 

(C)  The  air  velocity  at  the  premix  inlet  was  established  at  30**  ft/sec  based 
on  two  considerations.  These  considerations  were  the  pressure  loss 
dumping  into  the  combustor  as  described  in  Figure  3  and  the  small  advantage 
which  could  be  incurred  by  utilizing  additional  air  energy  for  atomization 
as  shown  in  Figure  h.  The  areas  through  the  premix  module,  priruary  zone, 
and  dilution  air  passages  were  designed  to  maintain  the  velocity  of  30h 
ft/sec  . 

(C)  The  air  flow  to  the  combustor  is  a  straight  flow  through  the  combustor  nead 
plate  or  dome.  This  flow  path,  in  several  annular  combustors,  has  demon¬ 
strated  an  advantage  in  establishing  a  u*..anced  primary  zone  and  in 
reducing  the  diffuser  length.  Tne  combustor  was  designed  to  reflect 
present  technology  as  use,'  vitn  higa  .sure  fue-  atomizers.  The  combustor 
volume  reflects  a  heat  loading  of  16. h  X  10^  Btu/atuu-cu.  ft-hr .  at  a  j 
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Figure  2.  Scaling  to  4X  size  using  modular  concept. 
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Figure  3.  Estimated  loss  incurred  in  dumping  diffuser  discharge  velocity. 
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Figure  4.  Mean  droplet  diameter  versua  atomization  velocity  for  various  equivalence  ratio#. 
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pressure  of  twenty  atmospheres. 

(C)  Toe  initial  s ystea  was  designed  to  permit  replacement  of  each  exponent 
for  close  evaluation  of  modifications  and  design  limitations .  31 j  and 

coapocent  hardware  for  cold  flaw  testing  were  designed  to  enable  the  comparative 
evaluation  of  changes  leading  to  reduced  diffuser  length  The  cold  flow 
test  rig  was  also  designed  to  establish  the  variations  in  fuel  atoaiiatlon 
described  by  air  velocity,  air  direction,  and  type  of  atenitatloo  surface. 

Hot  or  burning  test  equipment  was  designed  to  evaluate  the  reaction  rune  length, 
the  Mixing  of  the  dilution  air  for  teeperature  traverse  quality,  and  the 
heat  rejection  to  the  side  walls  that  accompanies  the  high  doce  flow  premix 
reaction. 
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III  INTEGRATED  DIFFUSER -CCJ3U3TC3 

1.  Requirements 

(C)  The  integration  of  the  diffuser  find  cocbustor  is  to  achieve 
minimum  length  and  xaxlcuo  aerodynicle  efriclooey.  Selection 
of  the  integrated  diffuser -combustor  configurations  was  based  on 
aerodynamic  design  studies.  The  evaluation  of  these  configurations 
vas  baaed  on  diffuser  performance  characteristics  as  effected  by 
variations  in: 

•  Shape  factor 

•  Mach  number 

•  Flow  factor 

0  Diffuser  width  to  length  ratio 

0  Axial  area  progression 

•  Inlet  to  exit  area  ratio 

(C)  This  section  describes  the  analytical  design  study  of  an  integrated 
annular  diffuser-coebustor  capable  of  recovering  pressure  with  a  cast 
flow  of  6U  lb/sec  at  a  discharge  pressure  of  29**  jaia  and  a  Mach 
number  of  0.296-  The  najor  portion  of  tha  air  flow  (&£)  is  directed 
through  the  done.  The  renaming  portion  (16£)  la  apllt  in  the 
upper  passage  (#)  and  the  lower  passage  (7$)  and  la  used  for  conbustor 
cooling. 

2.  Ae rod /tonic  Design  Studies 

(C)  A  feasibility  study  was  cade  with  the  following  requirements  as 
ralated  to  opticus  engine  and  eccbustor  performance: 


13 

CONFIDENTIAL 


Reproduced  From 
Best  Available  Copy 


Preceding  Page  Blank 


C0NFIDEN1  I A  l 


.Allison 


•  Shortest  possible  length 

•  Integration  of  air  diffusing  path  within  the  fuel 
atomization  module 

•  Low  pressure  loss 

•  Uniform  velocity  profile  at  the  diffuser  exit 

(C)  A  parametric  study  was  made  of  pressure  recovery  (Cp)  versus 
width  to  length  ratio  (N/Zi R )  and  inlet  to  exit  area  ratio. 

This  was  based  on  performance  data  collected  from  actual  tests 
of  nnny  diffusers.  This  experience  on  performance  of  engine 
diffusers  operating  behind  axial  flow  compressors  was  correlated 
with  the  work  in  References  (l,  2,  3  and  *»)•  This  correlation 
includes  the  use  of  a  radial  velocity  profile  ratio  (Vnax/Vavg 
■  1.15)  at  the  diffuser  inlet.  See  Figure  5  Tor  the  typical 
engine  diffuser  radial  velocity  profile.  The  variations  in 
performance  resulting  from  an  undesirable  velocity  profile  at  the 
inlet  to  the  diffuser  are  shown  in  Figure  6.  Tnese  curves  were 
established  as  a  result  of  correlated  test  data  with  theoretical 
research  performance  based  on  many  different  diffusers. 

(C)  The  aerodynamic  design  studies  led  to  the  selection  of  four 

different  diffuser  designs.  These  diffusers  must  perform  at  a 
wide  range  of  ?-!ach  numbers  and  provide  a  uniform  circumferential 
exit  velocity  profile.  Tne  optima  of  diffuser  geometry  and  peak 
pressure  recovery  correlations  were  established  by  taking  the 
momentum  losses  and  reaction  rates,  which  affect  the  combustors, 
into  consideration.  Tr.e  aerodynamic  analysis  includes  the 
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Figure  6.  Diffuser  performance  data  for  "A",  "B",  "C",  and  "D"  diffusers. 
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computed  performances  of  the  four  diffuser  designs. 

3.  Mechanical  Design 

(C)  Four  diffusers  were  designed.  The  firot,  an  "A"  diffuser  Is  a 
•Ingle  passage,  straight  dump,  annular  diffuser  which  Is  bounded 
on  the  inner  and  outer  sides  by  a  conical  surface  and  has  a 
cross-sectional  form  of  a  ring.  This  design  Is  6hovn  In  Fig1  re 
7.  The  design  parameters  for  optimum  size  and  predicted 
performance  are  shown  in  Table  ,TI  and  Figures  8  and  9. 

(C)  The  flow  visualization  rig  with  the  "A"  diffuser  is  shown  in 
Figure  10.  A  straight  section  preceding  the  diffuser  inlet 
provides  a  smooth  inlet  flow  with  symmetric  boundary  layers. 
Pressure  distribution  measurements  are  taken  at  the  diffuser 
inlet  and  outlet.  A  five  element  pressure  rake  and  two  6tatic 
pressure  taps  at  each  location  give  the  pressure  distribution 
for  comparison  with  predicted  analytical  values.  The  installation 
of  plastic  models  of  the  other  diffuser  designs  provide  similar 
data. 

(C)  The  combustion  rig  with  the  "A"  diffuser  is  also  shown  in  Figure  7. 
Hie  straight  section  and  the  diffuser  section  of  this  rig  can  be 
varied  in  length  by  the  use  of  interchangeable  sections.  This 
will  allow  the  diffuser  angle  to  vary.  This  design  allows 
a  maximum  number  of  test  configurations  with  a  minimum  of  hardwere 
fabrication.  All  four  diffusers  will  be  tested  on  this  rig.  This 
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Figure  7.  Combustion  rig  diffuser  flow  path. 
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Figure  9.  Diffuser  area  versus  length  of  diffuser,  ”A"-diffuser. 
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Figure  10.  Flow  visualization  rig. 
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((')  Table  IT 


"A":  Annular  oingle  path  dump  diffuser  with  inlet  vanoB 


Airflow 

Wa  lb/sec 

64. 

Compressor  discharge  pressure 

Ptio  pola 

JOB  .6 

Diffuser  inlet  total  pressure 

ptj_  psia 

2^4.0 

Diffuser  inlet  static  pressure 

P61  psia 

276.7 

Diffuser  inlet  temperature 

Tl  *R 

1460 

Diffuser  inlet  velocity  avg. 

Ft/ sec 

548 

Diffuser  inlet  Mach  number 

0.296 

Diffuser  inlet  width 

ARj.  in 

.709 

Diffuser  inlet  area 

Ax  in8 

32.19 

Diffuser  length 

N  in 

4.5 

Diffuser  length  to  inlet  width  ratio 

n/ar 

6.35 

Diffuser  exit  to  inlet  area  ratio 

PR 

1.78 

Diffuser  inlet  velocity  ratio 

Vaax/Vavg 

1.15 

Pressure  recovery 

°P 

40.5  * 

Diffuser  discharge  pressure 

Pt2  psia 

288.9 

Diffuser  discharge  pressure 

PB2  psia 

283.7 

Diffuse r  outlet  velocity 

V2  ft /sec 

304 

Diffuser  outlet  Mach  number 

FVip 

.163 

Diffuse r  outlet  area 

Pq  in2 

57.29 

Compressor  exit  vanes  losses 

APt 

Pto 

3* 

Tbtal  diffuser  losses(including  dumping 
losa) 

APt 

Ptx 

2.63* 
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portion  of  the  program  Is  part  of  Phase  II. 

(C)  It*  ”B"  diffuser  as  shown  In  Figure  11  Is  s  two  passage  annular 
dump  diffuser  which  has  been  shortened  by  the  addition  of 
circumferential  splitters  to  accomodate  scaling  to  UX  size 
These  splitters  are  located  through  the  compressor  exit  guide  vanes 
to  provide  a  mass  air  flow  division  at  the  plane  where  the  compressor 
discharge  profile  Is  most  uniform.  The  optimum  size  and  predicted 
performance  are  based  upon  the  specified  design  parameters  In 
liable  III  and  Figures  8  and  12. 

(C)  The  "C"  diffuser  is  a  two  passage,  channeled  diffuser  and  is  shown 
in  Figure  13.  Ibis  design  Incorporates  compressor  exit  vanes, 
diffuser,  and  fuel  atomisation  modules  In  the  shortest  possible 
axial  length,  the  splitter  was  added  for  performance  improvement. 
Ibis  design  also  permits  scaling  to  hX  size.  The  diffusion  system 
consists  of  four  major  components.  These  are  120  compressor  exit 
vanes,  1  circumferential  splitter,  20  diffuser  modules,  and  20  fuel 
Injection  modules.  As  shown  In  Figure  13,  the  Inlet  consists  of 
bellmouth  double  row  vanes  to  ensure  a  smooth  flow  of  air.  The 
circumferential  splitter  divides  the  air  passage  into  an  upper  and 
lower  flow  path.  The  side  walls  of  the  fuel  injection  modules  serve 
as  walls  for  the  diffuser  The  airflow  is  allowed  to  diffuse  in  a 
mushroom  type  diffuser  and  is  dumped  Into  a  quasi -plenum  with  a 
velocity  of  #5  ft/sec.  Both  upper  and  lower  diffuser  passages  are 
designed  to  hsve  the  desired  rste  of  diffusion  based  upon  the 
analytical  studies.  Ths  diffuser  characteristics  are  shown  in 
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Figure  11.  Combustion  rig  "B"  diffuser  flow  path. 
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Figure  12.  Diffuser  area  versus  length  of  "B"-diffuser. 
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Figure  13.  Combustor  rig  diffuser  "C"  flow  path. 
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"BK:  Annular  two  path  dump  dlffuiar  with  circumferential  splitter  end 
inlet  venee 


Airflow 

Compressor  discharge  pressure 
Diffuser  inlet  pressure 
Diffuser  inlet  pressure 
Diffuser  inlet  temperature 
Diffuser  inlet  velocity  svg. 

Diffuser  inlet  Mach  number 
Diffuser  inlet  width 
Diffuser  inlet  are* 

Diffuser  length 

Diffuser  length  to  inlet  width  ratio 

Diffuser  exit  to  inlet  area  ratio 

Diffuser  inlet  velocity  ratio 

Pressure  recovery 

Diffuser  discharge  pressure 

Diffuser  discharge  pressure 

Diffuser  outlet  velocity 

Diffuser  outlet  Mach  number 

Diffuser  outlet  area 

Compressor1  exit  vases  losses 

Total  diffuser  losses  (including 
dump  loss) 

V 


Path 

Hmr. 

Lower 

Wa  lb/seo 

33.3 

3O.7 

Pto 

308.8 

302.8 

Pti  pel* 

895 

293 

PB1  psia 

873-9 

273-5 

1460 

1460 

Vl  ft/ sec  . 

607 

584 

Hu 

•  388 

.315 

ARl  in 

.3875 

•  3315 

Ai  in2 

15.26 

14.66 

N  in 

8.0 

2.0 

n/ar 

6.1 

6.0 

AR 

1.73 

1.8 

Vta ax/Vavg 

1.1 

1.1 

S  * 

43.6 

43.5 

Pt2  P8i® 

891.3 

290.1 

P82  Psia 

283.1 

202.0 

Vg  ft/sec 

375 

375 

He 

.802 

.202 

Ag  in2 

86.43 

26.37 

APt/Pto  i 

2.65 

3.35 

APt/Pti  % 

2.64 

8.40 

t 
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Table  IV  and  Figures  8,  lb,  and  15. 

(C)  The  "D"  diffuser  la  also  a  two  passage  channeled  diffuser  and  Is 

Similar  la  design  principles  to  "C".  The  number  of  fuel  Injection 
aodules  was  Increased  from  20  to  30  thereby  changing  the  flow  path 
distribution.  The  four  major  components  of  this  diffuser  version 
•re  90  coapressor  exit  wanes,  1  circumferential  splitter,  30 
diffuser  oodules,  and  3°  fuel  Injection  oodulea.  These  fuel 
Injection  nodules  have  upper  and  lower  diffusing  paths  as  shown 
la  Figures  16  and  17 •  The  "D"  diffuser  characteristics  are  shown 
In  lfeble  V  and  Flgurea  8,  18,  and  19. 

(C)  Diffuser  "A"  was  shown  In  Figure  7  with  no  compressor  exit  guide 
vanes  In  front.  Figure  20  shows  the  "A"  diffuser  preceded  by 
guide  vanes.  The  compressor  exit  guide  vanes  are  shown  with  "B“ 
and  "C"  diffusers  in  Figures  11  and  13  Diffuser  "D"  Is  shown  with 
coapressor  exit  guide  vanes  in  Figure  21.  These  guide  vanes  have 
proven  In  various  combustion  rigs  to  simulate  closely  the  compressor 
exit  velocity  profile  found  In  engines- 

(C)  The  Inlet  tip  and  hub  diameters  remained  the  same  for  the  four 
diffusers.  The  "A",  "B'*,  and  "C"  diffusers  are  preceded  by  120 
compressor  exit  guide  vanes.  For  the  "C"  diffuser,  the  120  vane* 
match  with  the  use  of  the  20  fuel  injection  modules.  For  all 
diffusers,  approximately  l/6  of  the  sir  pastes  through  the  fuel 
Injector  modules.  For  the  "A"  and  "B"  diffusers,  the  remaining 
5/6  of  the  air  Is  dumped  into  the  plenums  between  each  of  the 
fuel  modules  aM  is  directed  Into  the  main  combustion  chamber. 
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(C)  Table  IV 

"C":  Channeled  two  path  diffuser  with  circumferential  splitter  and  integrated 
bell-shaped  inlet  vanes  passages 


Diffuser  module 

Fuel  inj 

.module 

Path 

VPPf.r. 

lower 

PPI**- 

lower 

Airflow  total 

Watot 

#/sec 

27.75 

25.58 

3-55 

5.12 

Airflow  per  nodule 

We 

#/sec 

1.388 

1.279 

.2775 

.2560 

Compressor  discharge  press 

Pto 

psia 

J02.8 

302.8 

302.8 

302.8 

Diffuser  inlet  pressure 

Ptl 

psia 

295 

293 

295 

293 

Diffuser  Inlet  pressure 

Psl 

psla 

272.8 

274.3 

282 

280 

Diffuser  inlet  temperature 

Ttl 

*R 

1460 

1460 

1460 

1460 

Diffuser  inlet  velocity 

VI 

ft/sec 

623 

570 

486 

485 

Diffuser  inlet  Mach  number 

Mni 

•  336 

.308 

.262 

.261 

No.  Diffuser  modules 

20 

20 

No. Fuel  atomiz. module s 

20 

20 

Diffuser  inlet  width 

A*1 

in 

.291 

•354 

Diffuser  length 

N 

in 

1-5 

1.5 

Diffuser  length  to  width 
ratio 

N/dRA 

5.2 

4.3 

Diffuser  inlet  area 

in8 

.622 

.624 

.155 

.145 

Diffuser  inlet  velocity 
ratio 

Vlnax/Vavg 

1.1 

1.1 

1.1 

1.1 

Diffuser  discharge  press. 

Pta 

psia 

292.3 

290.8 

Diffuser  discharge  press. 

Ps2 

psia 

284.4 

284.2 

Diffuser  outlet  velocity 

V2 

ft/sec 

370. 

350. 

Diffuser  out  Mach  number 

Mn2 

.199 

.184 

Diffuser  outlet  area 

*2 

m2 

1.01 

1.01 
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Path 


Diffuser  outlet  to  inlet 


area  ratio 

AR 

Pressure  recovery 

°P 

i 

Losses  through  compressor 
exit  vanes 

AP/Pt^ 

t 

Total  losses  Including 
dumping  per  (1)  module 

AP/Ptx 

* 

Total  annular  diff .  losses 

AP/Ptx 

Total  annular  p remix 
entrance  losses 

AP/Ptj^ 

(cou’t) 


t)j  JTuser 

mobile 

Fuel  in.) 

.  nodule 

Upper 

Lever 

Upper 

lower 

>M 

1.62 

52. k 

52-5 

2.65 

305 

2.65 

305 

2.25 

1.87 

2.20 

2.22 

1.7 


.4 
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Figure  14.  Area  progression  versus  diffuser  length  "C’  -diffuser,  upper  path, 


confidential 


Allison 


Figure  16.  Diffuser  area  versus  length  of  diffuser  "D"-diffuser, 
fuel-air  spreader  module,  upper  path. 
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Figure  18.  Upper  path  of  "D"-diffuser  area  versus  length  of  diffuser. 
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Figure  19.  Lower  path  of  "D"-diffuser  area  versus  length  of  diffuser. 
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Figure  21.  Combustion  rig  "D”  diffuser  flow  path/ 
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In  the  "C"  diffusers  these  plenums  have  the  shape  of  small  channeled 
diffusers.  ITUs  can  be  seen  In  Figure  13.  In  order  to  accommodate 
the  30  fuel  injection  modules  used  with  diffuser  "D",  It  was 
necessary  to  reduce  the  number  of  compressor  exit  vanes  to  90  bo 
maintain  a  match  between  vanes  and  modules.  Tbe  use  of  90  vanes 
results  in  a  better  pressure  and  velocity  distribution  entering 
the  passage,  in  a  reduction  of  frontal  area  blockage,  and  In 
an  improvement  of  flow. 

U.  Design  Criteria  and  Predicted  Performance 

(C)  The  design  of  the  Integrated  diffuser -combustor  was  to  have  minimum 
axial  length,  which  was  not  to  be  changed  during  size  pealing.  The 
circumferential  splitter  was  incorporated  into  three  of  the  four 
designs  to  provide  a  more  uniform  velocity  profile  and  a  better 
diffuser  efficiency,  and  to  permit  scaling  up  to  4X  size  with  no 
increase  In  axial  length.  Peak  diffuser  performance  is  vital  in 
connection  with  the  fuel  injection  module  concept  because  a  higher 
kinetic  energy  must  be  converted  Into  pressure  1 n  thin  portion  of  the 
system.  To  assure  maximum  performance,  the  following  factor*  must 
be  Incorporated: 

•  Minimum  friction  (short  length  and  rapid  deceleration) 

•  Minimum  boundary  layer  tbicknes:  (short  length  and  slow 
deceleration) 

•  Retarded  separation  (slow  deceleration) 

•  Maximum  diffusing  (rapid  dece'  'ration  and  long  length) 


38 

CONFIDENTIAL 


CONFIDENTIAL 


Allison 

(C)  These  factors  are  contradictory.  Therefore  the  determination  of 
an  optimum  combination  la  necessary.  The  optimum  recovery  of 
these  diffusers  vao  investigated  and  the  Influence  of  the  velocity 
inlet  profile  on  the  pressure  recovery  was  considered  in  this 
investigation.  The  correlated  design  curves  shown  in  Figure  6 
were  chosen  to  calculate  the  overall  efficiency  of  these  four 
diffuser  systems.  The  results  are  given  in  the  tabulated 
characteristics  for  each  diffuser.  From  Figure  6,  the  predicted 
performance  points  of  the  four  diffuser  designs  are  obtained.  The 
best  performance  is  the  "D"  diffuser  with  an  inlet  to  exit  area 
ratio  (AR)  of  1.78  and  a  width  to  length  ratio  (N/Ar)  of  5  0 
for  the  upper  passage  and  an  AR  of  I.78  and  N/AR  of  U.l  lower 
passage . 

5>  Analysis 

(C)  One  of  the  important  factors  in  the  determining  of  any  diffuser 
la  the  variation  of  the  cross-sectional  area  with  the  path 
length.  This  variation  in  the  passage  width  progresses  along  a 
mean  line  which  is  a  curved  arc  lying  in  an  axial  plane.  See 
Figures  13  and  21.  To  gain  some  insight  into  the  manner  in  which 
the  pressure  and  velocity  might  be  expected  to  change  along  the 
length  of  such  a  diffuser,  calculations  were  made  for  two-dimensional 
flow.  In  Figure  22  the  ratio  of  static-to -total- pressure  and  the 
Mach  number  are  plotted  against  path  length  for  the  case  where  the 
inlet  Mach  number  is  0.3-  This  is  for  the  "A"  diffuser.  The  same 
calculations  are  repeated  for  the  other  three  diffuser  versions, 

"B",  "C",  and  "D"  and  are  shown  in  Figures  23  through  28. 
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versus  length  of  diffuser,  "A”-diffuser 


Figure  23.  Diffuser  parameters  versus  length  of  diffuser,  "B"-diffuser,  upper  path 
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Figure  24.  Diffuser  parameters  versus  length  of  diffuser,  "B"-diffuser,  lower  path. 
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Figure  26.  Diffuser  parameters  versus  length  of  diffuser,  "C"-diffuser,  upper  path. 


I 


44 

confidential 


CONFIDENTIAL 


j 

AlllNOn 


Figure  27.  Diffuser  parameters  versus  length  of  diffuser,  "D"-diffuser,  lower  path. 
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Figure  28.  Diffuser  parameters  versus  length  of  diffuser,  "D”-diffuser.  upper  path. 
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(c)  It  is  evident  from  Figure  21  that  static  pressure  rise  and  Mach 
number  change  the  fastest,  with  respect  to  distance  traveled 
by  the  air,  at  the  entrance  to  the  diffuser.  This  Is  typical  of 
diffusers  with  linear  area  distribution  ("A"  and  "B")  as  6hown  in 
Figures  22,  23,  and  24.  It  might  be  stated  (Reference  5)  that  the 
pressure  rises  most  rapidly  where  the  air  has  the  greatest 
kinetic  energy.  On  the  other  hand,  it  might  be  explained 
(Reference  6)  that  the  high  velocity  and  steep  gradient  Just 
past  the  inlet  are  unfavorable  for  stable  flow  conditions  and 
tend  to  generate  a  separation.  Accepting  the  latter  hypothesis, 
it  would  be  preferable  to  increase  the  cross-sectional  area  more 
alowly  at  the  front  of  the  diffuser  and  more  rapidly  at  the  rear  of 
the  diffuser.  Applying  this  philosophy  to  an  socially  symmetric 
diffuser  converts  a  straight  wall  conical  diffuser  into  a  beJLl 
shape.  In  the  three  dimensional  diffuser  the  bell  shape  area 
progression  is  incorporated  into  the  cross-sectional  area  at  an 
increasing  rate  with  distance.  Diffusers  "C"  and  "D"  are  this 
type. 

(C)  In  the  cases  of  "B",  "C",  and  "D",  the  diffuser  inlet  geometry, 
mean  path,  and  area  ratio  remain  essentially  the  same.  From 
Figures  22,  23  and  24  and  Figures  25,  26,  27  and  28,  it  is  seen  that 
for  the  first  two-thirds  of  the  path  length  the  ci'osE-sectional  area  of 
"C"  and  "D"  is  below  that  of  the  "A"  and  "B"  design.  Then  to 
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achieve  the  sane  overall  area  ratio,  the  cross-sectional  area 
of  "C"  and  "D"  Increases  rapidly  In  the  last  quarter  of  the 
diffuser. 

(C)  In  looking  for  a  evens  to  reduce  significantly  the  length  of  the 
diffuser  end  to  facilitate  scaling  without  going  beyond  the 
shortest  length,  it  vns  decided  s  three  dieenslooal  channel  ftvo 
of  whose  opposing  faces  diverge  while  the  other  opposing  converge! 
would  hare  the  greatest,  potential.  To  get  an  indication  of  the 
baseline  from  which  the  axial  length  reduction  could  be  made. 

Figure  13. presents  a  sketch  of  a  top  developed  slew  In  the  meridional 
plane  of  the  three  dimensional  channeled  diffuser.  This  geometry 
characterizes  the  diffuser  whieh  Is  the  basis  for  the  "C"  sad  T>” 
configurations. 

(C)  Although  the  conical  is  undoubtedly  the  Ideal  diffuser  configuration, 
it  was  realized  that  no  completely  conical  diffuser  channels  were 
possible  within  the  given  geometric  limitations  of  the  "C*  and  "D" 
diffusers.  Therefore,  a  rectangular  Inlet  cross -section  could  not 
be  avoided.  On  this  basis,  a  channel  with  a  constantly  changing 
cross-sectional  shape  was  designed.  This  begins  with  a  rectangular 
throat  wider  In  the  horizontal  direction,  then  through  a  gradual 
trsnzltlon.downstream  of  the  throat , takes  on  the  shape  of  a  square, 
and  finally  returns  to  a  rectangular  shape  wider  In  the  vertical 
direction  at  the  exit  location. 
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(C)  This  cross-sectional  variation  providing  a  smooth  change 
In  area  ia  based  on  the  following  considerations: 

•  The  rate  of  area  change  Just  downstream  of  the  rectangular 
diffuse r  Inlet  was  wide  to  follow  more  closely  the  optimum 
of  two-dimensional  criteria  since  Its  correction  was  two  - 
dimensional  *n  this  region. 

A  The  rate  of  area  change  near  the  exit  was  selected  not  to 
exceed  that  indicated  for  optimum  of  the  annular  diffuser 
(Figure  6). 

(C)  The  resulting  exit-to-lnlet  area  ratio  remained  at  the  optimum 

for  the  two-dimensional  configurations.  A  sector  of  this  diffuser 
rig  1*  shown  In  Figure  21. 

( C )  The  design  parameters  of  the  engine  diffusers  presented  In 

Tables  IX  through  V  are  compared  to  the  work  In  References  (1,  2,  3, 
and  •*)  la  Figure  6.  The  line  for  velocity  ratio  equal  to  1.0 
is  taken  from  Reference  (5)  and  la  the  line  of  first  appreciable 
•tall  determined  with  no  Inlet  velocity  profile.  The  line  for 
velocity  ratio  equal  to  1.2  1*  taken  from  Reference  (L)  and  Reference 
(li)  and  la  the  line  of  first  appreciable  stall  with  a  Jet -type  Inlet 
profile  and  velocity  ratio  equal  to  1.2. 
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IV  IN-1  •fix  t.'-i.  ITU-??!  C» 

1.  General  Cutiolderatl  r.s 

(C)  Pewe  1  o;s-nt  of  gas  turbit.e  cor.bustion  syit"ms  vith  exit  t>-r.;»-rat -res 
approaching  stoichlc  vtrlc  levels  require  efficient  op-ration 
vith  a  high  tenf.-rature  rise  a:.i  a  high  heat  lcod  The  Unite-! 
test  data  available  In  cc.'.Vutll.ni  Uter.iture  liidiraV-B  a 
declining  burner  cfflcli  with  increasing  te.m.er.ture  rite-  Tnis 
developnent  effort  1*  bnr-d  prl.'.urily  on  the  frnire  that  Insufficient 
nixing  of  the  air  and  fuel  ahecd  of  the  reaction  run-’  accounts 
for  the  eff'ciency  decline.  The  solution  of  this  problem 
constitutes  a  snjor  portion  of  this  Fhose  I  effort 

(C)  Five  fuel  injection  modules  were  designed  and  developed.  Each 
nodule  consists  of  an  air  blast  system  for  fuel  atomization  and 
a  combustor  doxe  air  inlet  system  to  Introduce  and  mix  the  regaining 
combustor  air  vith  the  atcuized  fuel.  The  design  of  these  codules 
vs a  based  on  the  following  operational  requirements: 

•  low  pressure  fuel  system 

•  Increased  number  of  fuel  injection  points 

•  Ability  to  operate  on  contaminated  fuels 

•  Prenlxlng  of  the  air  and  fuel  ahead  of  the  combustor  dome. 

•  High  dome  sir  flow 

•  Smoke  free  operation 
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(C)  The  burner  g;\»  J»th  U  desired  fur  04^.  of  the  air  flow  lnject-d 
through  the  combustor  done .  The  other  J6,»  is  used  to  coni  tne 
couibustor  walls  through  conventional  ft  in  cooling  louvres  The 
combustion  air  flow  distribution  Is: 

•  Primary  air  50/' 

•  Dilution  air  S2,« 

•  Premix  air  10, « 

•  Combustor  cooling  qlr  16‘5 

(C)  Tho  purpose  of  tho  Phase  I  single  nodule  testing  was  to  develop 

and  compare  the  atomization  qualities  of  the  various  nodule  designs. 
The  single  module  test  rig  is  shovn  on  Figure  29  for  cold  flow 
testing;  and  Figure  3°  for  hot  flow  testing.  The  gas  path 
simulates  the  design  gas  path  shown  in  Figure  1  with  the  omission  of 
combustor  vail  cooling  air  passages.  The  rig  vails  are  externally 
air  cooled  to  eliminate  the  effects  of  cooling  film  on  performance 
data.  The  heat  loss  through  the  vails  was  measured  and  taken 
into  account  during  efficiency  calculations.  The  detailed  air 
flov  distribution  for  the  premix  combustion  systems  is  shown  in 
Figure  31.  The  development  testing  was  divided  into  cold  flov 
visualization  and  burning  performance  evaluation. 

(C)  Tne  fuel  injection  nodules  were  designed  to  the  following  Fhase 
11  burner  sector  operating  conditions: 

•  Burner  inlet  temperature  1200*? 

•  Burner  inlet  pressure  20  atm 


52 

CONFIDENTIAL 


Figure  29.  Single-module  rig-cold  flow  configuration. 
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•  Burner  mass  flow  IV / t-o 

•  Burner  temperature  rise  8300*K 

(C)  The  equivalence  ratio  0,  actual  fuel-air  ratio  divided  by  the 
•  toiohlomotric  fuol-alr  ratio,  who  set  r.t  five.  Tnlc  woe  u 
compromise  between  sufficient  tumluwu  ratio  and  a  realistic 
atomization  at  twenty  atmospheres  pressure.  Figure  4  shows  the 
effects  of  operating  variables  (burner  Inlet  pressure  and  temper¬ 
ature)  and  design  variables  (air  injection  velocity  and  equivalence 
ratio)  on  mean  droplet  diameter  of  the  atomized  fuel. 

(C)  The  fuel  modules  were  fabricated  of  plexiglass  for  visual 

observation  of  the  mechani6m6  that  effect  atomization  and  droplet 
distribution-  Water  was  substituted  for  fuel  as  a  safety  measure. 
Figure  32  shows  the  physical  properties  of  kerosene  fuels  and 
veter  that  effect  droplet  breakup  yield  comparable  results  under 
the  prevailing  test  conditions.  Strobe  lighting  techniques  were 
used  to  study  droplet  distribution  and  estimation  of  droplet  size. 
Collimated  lighting  techniques  were  used  to  study  droplet 
distribution  and  effects  of  downstream  nixing  on  droplet  coalescence. 
A  flow  tuft  probe  was  used  to  map  the  air  flow  characteristics  of 
the  dome  air  entry  slots  and  the  recirculation  patterns  developed 
by  the  modules.  A  photographic  record  of  the  droplet  field  for 
each  module  was  taken  for  a  comparative  evaluation.  Figure  33 
shows  the  photographic  arrangement.  The  droplet  field  was  back 
lighted  with  a  spark  gap  strobe  light. 
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Figure  SO.  Slr^le-module  rig-hot  flow  configuration. 
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Figure  31.  Airflow  split  in  premlx  combustion  systems. 
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Figure  32.  Mean  droplet  diameter  versus  temperature  for  fuel  and  water. 
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(C)  The  plexiglass  configurations  were  phased  Into  natal  modules 
for  • valuation  of  the  atomisation,  vaporisation,  and  mixing 
potential  of  the  injector  design*  under  burning  conditions. 

.Three  dimensional  temperature  traverses  were  recorded  with  radial 
traversing  probes.  A  sample  isotherm  temperature  plot  Is  shown  in 
Figure  34.  The  temporature  traverses  were  checked  with  chroma* 
tograph  samples  taken  through  the  same  radial  traversing  probes. 
Smoke  samples  were  taken  at  the  exit  plane  through  .he  same  probes 
and  recorded  using  BaehAreeh  spot  sampling  techniques.  The  overall 
pressure  drop  vat  recorded  as  module  inlet  total  pressure  minus 
the  burner  outlst  total  pressure. 

2.  Vee  Cutter  Module  ^ 

(C)  The  vee  gutter  module  shown  in  Figure  35  is  Bized  to  have  20 

modules  per  annular  combustion  liner.  This  module  design  combines 
fuel -air  premix  and  high  dome  air  flow  with  the  vee  gutter 
recirculation  developed  for  afterburner  systems.  The  vee  gutter 
concept  was  not  used  in  the  circumferential  plane  of  the  afterburner 
but  was  developed  in  the  radial  plane  to: 

•  Optimize  the  recirculation  pattern  of  the  high  aspect  ratio 
slot  to  mix  the  primary -dilution  air  with  the  fuel -air 
premix  flow 

•  Achieve  modular  linearity  for  development  changes  in  liner 
height 

•  Allow  independent  removal  of  the  components  of  the  fuel 
distribution  system 
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(0)  la  ths  vss  gutter  nodule  the  fuel  le  atomised  by  air  at  a 

velocity  of  304  ft/ tea  flowing  eeroee  the  atom! ting  aurfaee.  The 
mixture,  detlgaed  for  aa  equivalence  ratio  of  five,  flows 
through  the  alx  alote  into  the  recirculation  tone.  The  remaining 
air  flow  le  Injected  through  the  high  aspect  ratio  radial  elcta 
between  aodulee.  Th-  vee  gutter  fuel  dletributlon  tube  wae 
designed  to  natch  a  fuel  Injection  Jet  to  each  injection  Blot. 

There  are  6  Injection  polata  for  each  module  and  ISO  for  a  full 
annular  oombustor. 

(C)  The  atomisation  of  the  fuel  from  this  module  Is  of  a  nature  to 

create  the  existence  of  a  vide  distribution  of  fuel  droplet  slaes. 

The  distribution  is  made  mechanically  using  a  large  number  of 
Injection  points.  The  flow  quality  at  the  design  point  prem'x 
equivalence  ratio  of  five  and  the  premix  velocity  of  3<A  ft/sec 
la  shown  In  Figure  36.  Supports  have  been  added  to  this  piotured 
model  for  rigidity  to  enable  the  flow  study  of  the  air  both  Inside 
and  outside  of  the  vee. 

Swirl  Chamber  Module 

(C)  The  swirl  chamber  module  shown  In  Figure  37  Is  'aed  to  provide  30 
modules  per  annular  liner.  Each  nodule  cornel $ \ •  ef  one  vertex 
chamber  and  one  fuel  Injection  point.  Visual  studies.  Reference  (8), 
indicates  a  boundary  layer  exists  on  the  end  vail  of  the  conventional 
vortex  chamber  which  does  not  become  part  of  the  vortex  flow.  To  recover 
thle  lost  volume,  the  swirl  chamber  module  has  the  vortex  energised 

by  air  emission  through  two  swirl  vanes  located  through  the  vortex 
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Figure  37.  Swirl  chamber  module. 


CONFIDENTIAL 

AlllMOn 

chamber  cod  vail.  The  use  of  the  boundary  layer  arcu  to  drive  tho 
vortex  roeulta  In  a  core  efficient  use  of  the  chamber  axial 
length.  Tho  same  flow  visualization  studied,  Rcfcrcnco  (8),  also 
predict  optimum  mixing  occurs  with  the  fuel  Injection  in  a 
radial  plane.  Thla  module  has  fuel  Injection  in  a  radial  plane. 
Primary  air  la  introduced  through  high  aspect  ratio  slots  located 
in  the  module  cone.  The  dilution  air  entry  la  through  radial  alots 
between  fuel  modules. 

(C)  Flow  conditions  inside  the  evlrl  chamber  and  In  the  module  cone 
vere  evaluated  using  water  In  air.  The  spray  quality  at  maximum 
water  flow  conditions  and  3 Oh  ft/sec  ambient  air  flow  is  shown  In 
Figure  3&<  Spray  quality  was  not  affected  by  a  change  in  simulated 
equivalence  ratio  and  was  changed  very  slightly  by  a  change  In 
velocity  above  30**  ft/sco.  The  circulation  from  the  cone  slots 
aurroundlng  the  swirl  chamber  was  altered  during  the  water  and  air 
flow  testing.  The  testing  of  the  altered  module  confirmed  both 
the  high  degree  of  mixing  within  the  module  coue  and  a  well  established 
circulation  for  primary  zone  reaction.  This  eingle  point  injection 
module  waa  designed  to  demonstrate  a  higher  degree  of  primary 
atomization  than  In  the  vee  gutter  without  the  coverage  by 
numerous  Jets. 

U.  Conical  Fuel-Air  Spreader  Module 

(C)  The  conical  fuel-air  spreader  module.  Figure  39*  la  sized  for  a 
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Figure  38.  Swirl  chamber  module  droplet  field. 
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•logit  row  fuel  distribution  of  30  modules  por  annular  combustor. 

Tbls  module  bae  *  radial  fuel  entry  to  the  Inner  air  mixing  chamber. 

This  chamber  perform*  the  dual  function  of  providing  fuel-air 
mixing  and  even  distribution  around*  the  exit  cone.  Atomization 
occurs  at  the  exit  of  the  inner  mixing  chamber.  The  atomized  fuel 
Is  surrounded  and  carried  to  the  reaction  zone  by  primary  air 
through  the  Inner  and  outer  chamber  passages.  This  Is  shown  In 
figure  bO  where  mixing  sir  is  on  both  sides  of  the  atomized  fuel. 

This  type  of  fuel  addition  should  give  the  finest  fuel  spray  since 
coalescence  is  prevented  and  the  droplets  held  In  suspension  by 
surrounding  the  atomized  fuel  with  air.  The  distribution  from  this 
model  shows  a  wide  dispersion  of  drops  resulting  from  the  smaller 
droplet  else . 

f.  Double  Reversal  Chute  Nodule 

(0)  The  double  reversal  chute  module  shown  In  Figure  hi  is  sized  for  SO 
modules  per  liner.  Each  module  has  four  fuel  distribution  points. 

The  fuel-air  premlx  chute  encloses  the  fuel  metering  nozzles  and  the 
fuel  atomizing  surface.  Troa  this  chute,  the  atomized  mixture  enters 
an  enclosed  primary  mixing  zone  for  mixing  and  dilution  with  the 
primary  airflow.  This  mixture  enters  the  combustion  zone  for  burning. 
The  remaining  dilution  air  la  ducted  In  four  chutes  adjacent  to  the 
pvemix  chutes.  The  flow  channel  for  air  to  each  area  of  the  dome  has 
been  constructed  as  a  separate  duct.  This  was  accomplished  In  an 
effort  to  get  the  effect  of  direct  placement  of  primary  air  and  dilution 
air. 
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Figure  40.  Conical  fuel-air  spreader  module  droplet  field. 


Figure  41.  Dougle  reversal  chute  module. 
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V  CONTAMINATED  FUELS  TOST 

(C)  The  baale  teat  ayatan  for  teatlng  contaminated  fuel*  with  premlx 
aodulaa  la  ahovn  oa  Figure  51*  Tbla  ayatan  eoaprlaea  thraa 
element*.  A  motor  driven  bait  drlvaa  at  a  regulated  ape  ad  oarrlea 
regulated  quantities  of  eoataalaaat  for  dunplng  into  the  fuel 
•apply*  A  dual  piping  ayataa  ha a  been  alaad  to  retala  the 
ooataalnaata  la  auapeaaloo.  A  vane  type  pump  and  the  aacaaaary 
regulating  valve  a  are  uaad  to  eoatral  the  foal  flow. 

(C)  The  fuel  uaad  «l  Kti-3-lUf  %  -  a  ret  e*1 anted  par  M11-E-5007B. 

t**l  aodula  mi  tooted  Hr  A-  k  *■  \  the  fallowing  ayele : 

•  Mlalaa  fuel  flow  i 

•  Max  tana  fuel  flow  %  m 

•  loro  fuel  flow  }  ooo 

(C)  Fuel  flow  veraua  preaaure  drop  ware  recorded  before  and  after  the 
toot  ualng  clean  fuel,  baring  the  ruaalag  with  contaminated  fuel, 
a  flow  ebook  vac  mmm  at  one -half  hour  latarvala. 
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VI  TVSL  INJECTION  COMPUTER  PROGRAM 

(U)  It*  fuel  injeotion  eoraputer  program  la  modoled  on  a  fuel  Injection 

system  which  depend*  upon  fuel  atomization,  vaporization,  and 

the  mixing  of  fuel  and  primary  air  a*  function*  oft 

•  Premix  air  Injection  velocity,  preieure  and  temperature 

•  Fuel,  ***locity  and  temperature 

•  Physloa,  tee>'.lei  of  the  fuel 

•  Injector  of  enUtloo  relative  tc  the  air  stream 

•  Combustor  ph»a*er  utmenalon* 

(C)  The  formulation  of  the  pareil  tlnary  equation*  for  atomisation  and 

vaporization  was  bated  on  the  work  In  Reference  (7)>  The  theoretical 
model  viU  to*  correlated  with  the  data  from  Phase  I  single  module 
testing.  The  three  dlmenelonal  array*  of  temperature  and  chroma¬ 
tograph  aurvey*  will  toe  correlated  vlth  the  reaction  rate  parameter. 
The  reaction  rate  parameter  correlated  tine  burner  efficiency  vlth 
the  burner  operating  variables.  Tbs  level  of  burner  efflolenoy 
will  then  toe  related  to  the  overall  effete  of  atomisation, 
vaporization,  and  mixing  as  a  function  of  the  operating  variables. 

(C)  The  correlation  of  the  predicted  model  performance  to  actual  teat 
performance  will  continue  through  Phase  II  and  Phase  III  testing, 
the  fuel  injector  portion  of  the  computer  program  le  a  part  of  a  more 
extensive  computer  program  which  will  result  in  computerized 
predictions.  These  predictions  viU  be  the  fuel  droplet  size, 
evaporation  rate,  and  mixing  potential  of  air  atomized  fuel  systems 
over  the  operating  ranges  described  by  the  four  Air  Force  mission 
requirement*. 

(0)  The  preliminary  computer  program  dealing  with  fuel  properties 
and  nixing  va*  used  to  generate  the  data  shown  in  Figure  U. 
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V2X  TEST  RESULTS 
1.  Single  Module  Buraias  Hiti 

(C)  The  purpoeee  of  the  burning  seat ion  of  Phase  I  testing  on  the  single  nodule 
rig  veres 

•  Develop  tbe  particular  prealx  aye  tea  of  eaoh  nodule 

•  Compare  the  effectiveness  of  the  various  prealx  designs 

•  Obtain  correlation  data  for  the  computer  prediction  prograa 
that  aodels  the  atoaixatloa,  vaporisation  and  mixing  regies 
of  the  high  done  flow  caabustor. 

Data  Acquisition 

(C)  The  aodules  vere  tested  at  three  fuel-air  ratios  over  tvo  operating  conditions. 


#i 

Inlet  Total  Pressure  In.BgA 

60 

m 

I  1 11  I  ■  -|  |IW 

W 

i  . . 

300 

the  maximum  burner  exit  temperature  vas  limited  to  J200*f  to  maintain  a 
reasonable  life  on  the  thermocouples  and  chromatograph  sampling  probes.  The 
three  operating  fuel-air  ratios  vere  selected-  to  give  tbe  videst  range  and 
still  have  stable  rig  conditions.  Ibis  range  is  desirsble  for  the  aetbod  used 
to  calculate  module  design  fUel-air  ratios*. 

♦Module  design  fuel-air  ratio  is  the  ratio  at  vhlch  the  burner  efficiency 
derived  from  gae  chromatograph  analysis  vas  a  maximum. 
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Observation*  and  Comparisons  of  Modulo* 

(C)  Table  vin  !•  *  owuawry  of  the  observations  *od  comparisons  of  tbo  flvo  oodulos. 
Tbs  double  reversal  a  hut*  aodulo  ho*  boon  eliminated  froo  furth*  r  soul  d*  rot  ion. 
this  aodulo  lo  too  Hal  tod  on  float  holding  stability  ood,  consequently ,  would 
hot  ouotoiB  below  o  fuel-air  (f/A)  of  0.018.  fee  dilution  shut**  f*v*  good 
dilution  mixing.  lowever,  tho  doolgn  of  the  proalx  abutoo  did  oot  provld* 
enough  roelreulotloo  to  proaota  o  book  olx  aoabuetion  sow. 

Proalx  Equivalence  Ratio 

(C)  A  proalx  equivalence  ratio  of  flvo  vos  tbs  Initial  doolgn  point  for  tbo  aodulo*. 
At  tbo  doolgn  point  tbt  ovoroLl  F/A  ratio  lo  O.OUlB  and  12. 5#  of  tbo  air  flew 
lo  required  for  proper  fuel -air  proalx.  During  Initial  hardware  dovolopatnt 
a  rang*  of  oqulvalonw  ratio*  were  toatod.  Ihlo  tooting  van  dow  prior  to 
flow  ooofflolont  definition  for  tbo  vorloua  air  flow  paaaagoa.  fee  VOe  guttor 
aodulo  otoblllty  waa  lnoroaaod  with  lncrooolng  oqulvalonoo  ratio.  Xaeroaalng 
tbo  oqulvalonoo  ratio  abovo  flvo  roaulta  in  a  lowor  fuol  air  doolgni  thus,  a 
lowor  loan  blowout  r/A  ratio.  Although  tbo  loan  blowout  characteristic*  won 
desirable,  dovolopaont  will  bo  dlroctod  toward  lnoroaslng  tbo  doolgn  P/A  ratio 
to  Maintain  coabustlon  offlcioncy  during  blgb  toaparatun  rlo*  operation*. 

Pros  sure  Drop 

(C)  Tb*  single  aodulo  rig  siaulato*  tbo  Inlet  flow  to  the  nodule  froa  a  dump 

diffuser  at  an  exit  velocity  of  JOO  feet  per  second.  The  total  pressure  drop 
across  tbo  nodule,  between  nodule  Inlet  and  burner  exit,  1*  shown  in  Figure  52. 

Burner  Efficiency 

(C)  The  burner  efficiency  was  calculated  froa  gas  chromatograph  saapllng  at  three 
axial  stations.  Figure  5?  shows  chrcaatograph  efficiency  as  a  function  of 
overall  fuol-alr  ratio  (FAD).  The  efficiency  of  the  Vo*  guttor  faUs  off 
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(C)  TABLE  VIII 
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Figure  52.  Pressure  drop  versus  Mach  number  under  cold  and  burning  conditions. 
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Figure  53.  Chromatograph  efficiency  versus  fuel-air  ratio  at  3  and  5  atmospheres. 
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Burner  Efficiency  (coat.) 

(C)  rapidly  above  a  FAO  of  0.017,  which  coinoldee  with  the  design  fuel-air  ratio. 

(C)  This  problem  is  unique  to  the  Vbe  gutter  nodule.  A  postulation  to  increase 
the  design  fuel-air  ratio  by  staging  the  fuel  will  be  evaluated  in  Phase  II 
sector  teeting.  Fuel  will  be  injected  into  the  bypass  dilution  air  into  a 
secondary  recirculation  tone  located  downstream  froa  the  primary  and  strongest 
recirculation  zone.  The  recirculation  zones  were  defined  on  the  sixty  degree 
diffuser  sector  rig  flowing  water.  The  venturi -vortex  module  has  a  vide  angle 

I 

fuel  spray  cone.  This  resulted  in  coabustion  on  the  rig  sector  walls  which 
distorts  the  performance  evaluation.  Inproved  mixing  occurred  as  fuel-air 
ratio  increased.  Thie  is  bast  demonstrated  with  Figure  53  which  shows 
increasing  efflclsncy  with  increasing  fuel-air  ratio  over  the  range  tested. 

(C)  Xfce  swirl  chamber  and  fuel-air  spreader  modules  have  higher  design  fuel-air 
ratios. 

(C)  Verification  of  the  level  of  importance  of  the  design  fuel -air  ratio  is  show^n 
in  Figure  54  Figure  54  also  shows  the  isotherm  and  zone  efficiency  profiles 
at  the  burner  sector  swan  radial  depth  at  two  overall  fuel-air  ratios. 

(C)  At  the  operating  condition  below  the  design  fuel -air  ratio  of^.CU.7  the  reaction 
zone  la  attached  to  the  Vee  gutter,  resulting  in  adequate  completion  of  the 
reaction  at  an  l/H  of  1.73.  Increasing  the  fuel -air  ratio  above c?. 017  results 
in  a  blow-off  of  the  reaction  sons  downstream  with  insufficient  time  to 
complete  the  reaction. 
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Bursar  Bfflaienoy  (cost. ) 

(C)  The  comparison  of  oy trail  combustion  and  th#  offactlvanaaa  of  dilution  nixing 

air  la  shown  with  Figure  55.  The  varloua  aodulaa  have  dll' fa  rant  air  aaat  flow 

ratal  which  raault  In  different  beat  loading*,  the  uaual  ^ax  -’Java 

•fcaperature  rlaa 

parameter  haa  bean  divided  by  heat  load  instead  of  temperature  rise  In  an 
atteapt  to  noraalixe  the  aodulaa  for  co^arative  purposes. 

Blowout a 

(C)  The  fuel -air  ratio  at  lean  blowout  of  the  varloua  aodulaa  la  approximately 
00a -third  the  design  fuel -air  ratio.  This  ratio  aay  change  during  aector 
teatlng,  but  the  ra suits  indicate  that  high  teapa raturw  rise  aodulaa  will 
have  correapondingly  high  blowouts. 

(C-)  the  blowout  points  sura  shown  on  Figure  56. 

Banks 

(C )  Exhaust  gas  sank*  saapd.es  ware  taken  nt  each  operating  condition.  Start  was 
no  trace  of  asoke  generation  from  any  of  tha  aodulaa  teated.  Static  tuba 
aaapling  probes  ware  used  with  epot  verification  samples  taken  with  aa  Iso¬ 
kinetic  probe. 

2.  Oonteai nated  Fuel 

(C)  Three  types  of  fuel  inlet  devices  were  Investigated  for  flowing  contaminated 
fuel  to  the  MIL  S  5O07B  specification.  Three  units  ware  made  from  510 
stainless  and  one  unit  was  aade  from  547  stainless.  Of  these  devices.,  three 
orifices  were  constructed  with  thickness  equal  to  two  tunas  the  dianetar. 
lbs  other  orifioa  had  the  thickness  equal  to  the  dianetar.  Orifice  sixes  of 
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figure  55.  Pattern  factor  rersue  overall  fuel -air  ratio  at  2  and  5  atmosphere*. 
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Fleur*  56.  Inlet  pressure  versus  fuel-sir  ratio  st  leen  blowout. 
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Contaminated  Fuel  (ooat. ) 

(C)  .087  -  .058  were  flowed,  Htaaps  of  the  orifios  shoved  indications  of  clogging. 
The  naterlal  bad  indication*  of  erosion  and,  therefore,  tbe  neoeeelty  •».  using 
vear  resistant  material  vaa  axparlancad.  Figure  57  above  flov  comparisons 
before  and  after  contaminated  fual  taatlag. 

3.  Flov  Viauallaatioa  Riga 

(C)  Za  tbla  saotloa  la  praaaatad  dlffuaar  performance  data  •  inlet  aad  outlet 
velocity  profiles  -  measured  for  the  "A"  aad  "B"  dlffuaar  rig  aodela.  This 
data  la  ooaparad  vltb  predicted  parfomance  data.  TV  at  data  obtained 
correlated  oloaaly  to  tbe  theoretical  predicted  parfomance  characteristics. 

Tbe  flov  visualisation  photographs  of  "A"  diffuser-coabustor  are  shovn  in 
Figure  56.  Type  "A"  diffuser  is  tbe  surge  passage,  straight  duap  annular 
diffuser.  Type  "B"  diffuser  is  tbe  tvo  passage  annular  duap  vltb  a  circum¬ 
ferential  splitter.  Tbe  diffuser  inlet  geometry  at  tbe  trailing  edge  of  tbe 
turning  vanes  remained  similar  for  both  types  of  diffusers  tested.  Table  IX 
is  a  summary  of  significant  design  and  teat  data  for  the  "A”  and  "B"  diffusers. 

Teat  Configuration 

(C)  A  cross  sectional  viev  of  the  diffuser  teat  rig  for  testing  both  diffusers 
is  shovn  in  Figure  59,  The  geometry  of  the  teat  rig  differs  slightly. 

The  inlet  of  tbe  "A"  diffueer  has  a  smooth,  flat  velocity  profile.  Tbe  "B" 
type  diffueer  inlet  has  integrated  turning  vanes  to  generate  an  inlet  velocity 
profile. 

(C)  Tbe  diffueer  inlet  instrumentation  vaa  located  in  a  plane  of  tbe  throat 
one  quarter  inch  downstream  of  tbe  exit  vane  trailing  edge.  Pressures  were 
observed  on  vat er  manometers  -  Tbe  diffuser  discharge  instrumentation  was 
mounted  similar  to  tbe  inlet  configuration. 
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Figure  57.  Flow  before  and  after  contaminated  fuel  teetinf. 
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Figure  59.  Test  rig  flow  paths. 
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Moults  aad  Discussion 

(O)  tfaa  purpoM  of  this  Motion  ia  to  prtMat  a  sunury  of  resulta  of  ao  experi¬ 
mental  investigation  la  w|tiob  parent  trie  studies  vara  perforasd  ualag  rig 
aodala  of  tba  "A"  and  typa  dlffuaara. 

(0)  Dtffuaar  praaaura  recovery  (Op)  at  tba  iolat  Mach  numbers  froa  0.1  to  0.33 
ara  presented  far  "A"  aad  HB"  dlffuaara.  Typical  dlffuaar  velocity  profllaa 
ara  praaaatad  for  both  dlffuaara  at  several  lalat  conditions.  Tha  Mach 
nuaber  batvaaa  tha  dlffuaar  lalat  aad  exit  atatiooa  follow  doaaly  tha  predicted 

I 

praaaura  recovery  aad  dlffuMr  loaaaa. 

Dlffuaar  gffloienoy  (praaaura  raoovary)  "A"  Diffueer 

(C)  Mats  oa  thla  ooofiguratloa  revealed  a  alight  dlffuaar  affiolaooy  (praaaura 
raoovary)  increaea  with  aa  lnoraaaing  He  eh  nuaber.  Tba  performance  of  thla 
dlffuaar  vaa  encouraging.  Calculatlona  ualag  tha  teat  data  revealed  aa  average 
dlffuaar  praaaura  recovery  of  Cp>  63.3)1  which  ia  eaaantlally  conatant  for 
Mlaotad  Mach  ouabara  (0.1  to  0.33).  Thla  la  an  excellent  praaaura  recovery 
for  thla  type  of  dlffuaar  and  In  three  to  four  and  oaa  half  percent  higher 
than  tha  predicted  praaeure  raoovary  for  tba  original  design  (see  Table  IK). 

Velocity  Profile  "A"  Dlffuaar 

(C)  The  inlet  velocity  vaa  aeMntlally  unifora  over  tha  aaaulue  height  at  all  inlat 
conditions  Investigated.  There  vaa  no  flow  separation  indicated  by  the  near 
noraal  turbulent  velocity  profiles  at  tbs  dlffuaar  axlt  plana  for  any  of  the 
lalat  conditions  tasted.  The  axlt  velocity  profllaa  IncreaMd  aa  the  divergence 
angle  vaa  Increased. 

(C)  The  total  aystem  losses  and  dlffuaar  inlet-exit  pressure  drop  are  shown 
in  Figure  60. 

(C)  A  conparlaon  of  velocity  profiles  at  the  dlffuaar  inlet  and  axlt  for  inlet 
Mach  numbers  0.18  to  0.30  ara  shown  In  Figures  61  and  62. 
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Results  and  Dlaeuaalon  (oont.) 

"B"  Type  Diffuaer 

(C)  The  objective  of  tb e  "B"  diffuser  testing  vaa  to  dateralna  the  effect  of  a 
circumferential  eplitter  on  diffuaer  performance,  The  splitter  waa  located 
on  the  centerbody  of  an  annular  eeotor  of  a  subsonic  diffuaer. 

Diffuaer  Pressure  Recovery  "B"  Diffuaer 
(C)  Different  Inlet  Nach  number  conditions  produced  alight  changes  In  the  pressure 
recovery  characteristics  in  both  the  upper  and  lover  passages.  The  upper 
passage  shoved  a  pressure  recovery  of  Cp  «  S/y**  versus  Cp  ■  43.6*  predicted 
recovery.  The  lover  passage  pressure  recovery  vas  Cp  «  0/  6%  as  opposed 
to  a  predicted  Cp  ■  4J.5 %.  This  phenooena  of  change  in  the  total  pressure 
levels  is  explained  in  the  velocity  profile  discussion. 

(C)  Comparisons  of  predicted  and  actual  performance  data  for  the  "B"  diffuser 
inlet  and  exit  are  shovn  in  Table  rx  .  The  test  data  exhibits  very  close 
agreement  to  predicted  performance  points. 

Velocity  Profile  -  "B"  Diffuser 

(C)  The  velocity  profiles  for  the  diffuser  inlet  and  exit  are  shovn  in  Figures 
63<  64,  65,  snd  66.  Tha  velocity  profile  did  not  exhibit  general  amplifi¬ 
cation  characteristic*  as  diffusion  vas  increased. 

(C)  It  is  felt  that  the  Vee  gutter  module  acted  as  a  flow  restriction  and  had  a 
tendency  to  prevent  profile  amplification.  This  lack  of  velocity  profile 
amplification  results  in  a  thinner  boundary  layer  buildup  and,  consequently, 
an  improvement  in  pressure  recovery  (see  Table  IX). 
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Figure  60.  "A”  dl/fuaer  preaaure  loaaea  and  dump  loaaea  veraua  Mach  number. 
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Figure  61.  Velocity  and  pressure  profiles  from  "A”  diffuser. 
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Flguro  62.  Velocity  and  pressure  profiles  from  •’A”  diffuser. 
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Figure  86.  "B"  diffuse r  lower  passage  profiles. 
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(C)  Itaara  «u  no  flow  aaparation  indicated  by  the  near  flnt,  turbulent  velocity 
profllaa  at  the  diffuMr  exit  plant  for  any  of  the  inlet  condition*  taated. 

(C)  Xb*  performance  of  this  diffuaer  vaa  good.  Tbia  givaa  ancouragaaont  to  uaa 
of  tbia  typa  of  dlffuaar  for  aoaling  purpoaea. 

(c)  The  total  praaaura  loaaaa  of  the  ayatea  and  dlffuaar  lnlat-axlt  preaaura 
drop  varaua  Naob  nuabar  ara  ahovn  in  Figure  6? 


Much  n  umb  P\r 

Figure  67.  "B"  diffuser  pressure  losses  and  dump  losses  versus  Mach  number. 
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Vlir  PHASE  II  PROGRAM 

(C)  Phase  XI  vlll  be  the  continued  evaluation  of  ehort  Integrated 

dlffuaera  and  pre-alx  modules.  The  acope  of  these  o valuations  will 
be  Increased  by  combining  both  the  diffuser  and  premix  systems.  In 
addition  the  combined  diffuser  and  promlx  will  be  evaluated  with  a 
combustion  volume  equal  to  or  less  than  that  required  for  pressure 
atomisation.  The  combustor  volume,  therefore,  vlll  remain  flexible 
during  this  testing.  The  cooling  of  the  combuetor  vails  vlll  be 
explored  and  defined  for  the  performance  testing  of  Phase  III. 

(C)  The  major  effort  of  Phase  II  will  be  accomplished  using  a  6o* 
sector  of  the  flow  path  of  an  annular  combustor  system.  Various 
configurations  of  diffusers,  premix  Injectors,  and  combustors  vlll 
also  be  used  to  indicate  the  system  variability  vith  optimization 
of  components,  vhile  operating  at  pressures  up  to  20  atmospheres 
end  inlet  temperatures  In  excess  of  1000*F.  The  Injector  computer 
program  initiated  in  Phase  I  vlll  be  refined  and  a  diffuser 
computer  program  initiated. 
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